Introduction {#Sec1}
============

The appearance of neurofibrillary tangles, loss of specific neuronal populations and deposits of Aβ peptides in neocortical brain structures are major histopathological hallmarks of Alzheimer's disease (AD) \[[@CR60]\]. Aβ peptides are liberated from the amyloid precursor protein (APP) after sequential enzymatic action of β- and γ-secretases. The γ-secretase cleavage results in the generation of Aβ~1--40~ and Aβ~1--42~ peptides, which exhibit different potencies of aggregation, fibril formation and neurotoxicity \[[@CR17], [@CR23], [@CR24], [@CR44], [@CR62]\]. Additionally, N-terminally truncated Aβ peptides displaying an N-terminal glutamate residue are abundant in brains from AD patients \[[@CR29], [@CR46], [@CR51], [@CR61], [@CR64]\]. A substantial proportion of these N-truncated Aβ peptides undergoes subsequent cyclization of N-terminal glutamate (E) into pyroglutamate (pE) \[[@CR50], [@CR51]\]. The resulting pE-Aβ peptides have been shown to be a major constituent of Aβ deposits in sporadic and familial AD \[[@CR38], [@CR43], [@CR50], [@CR73]\]. Thus, the assumption has been made that pE-Aβ peptides could play a prominent role in AD pathogenesis.

This view is supported by a number of experimental observations. For example, a particular neurotoxicity of pE-Aβ peptides in primary neurons, neuronal cell lines and transgenic animals has been demonstrated \[[@CR1], [@CR47], [@CR72]\]. Moreover, pE-modification of N-truncated Aβ peptides is believed to have a significant influence on plaque generation and clearance. So it has been shown that the cyclization of glutamate into pE leads to a loss of N-terminal charge resulting in accelerated aggregation of pE-Aβ when compared with unmodified Aβ peptides \[[@CR19], [@CR47]\] and that pE-Aβ acts as a seed for aggregation as well as for co-aggregation of non-modified Aβ peptides \[[@CR12], [@CR36], [@CR53], [@CR56]\]. Furthermore, cyclization of N-terminal glutamate of Aβ peptides confers resistance to degradation by most aminopeptidases as well as Aβ-degrading endopeptidases \[[@CR49]\].

However, for a long time, the molecular pathway leading to N-terminal glutamate cyclization of truncated Aβ peptides remained elusive. Recently, glutaminyl cyclase (QC) has been shown to be the enzyme catalyzing pE-Aβ peptide generation in vitro \[[@CR52]\] and in vivo \[[@CR11], [@CR54], [@CR55]\]. Chronic inhibition of QC in transgenic mouse models of AD resulted in reduced pE-Aβ peptide generation and in diminished total Aβ peptide concentrations \[[@CR54]\]. Thus, the enzymatic activity of QC appears to be a prerequisite for pE-Aβ peptide generation and, therefore, QC-expressing neurons may be at special risk for degeneration. In a recent study focussing on QC expression in telencephalic and diencephalic mouse brain regions, we observed QC in a subpopulation of lateral and paraventricular hypothalamic neurons and in a moderate number of GABAergic interneurons in the hippocampal molecular layer, in the hilus of the dentate gyrus and in all layers of the neocortex \[[@CR18]\]. However, the proportion of QC neurons in cortex and hippocampus displaying pronounced immunoreactivity was rather low (0.5--2%), which may explain the lack of substantial neurodegeneration in these brain structures in APP transgenic mouse models. On the other hand, even the degeneration of a small number of GABAergic interneurons in the hippocampus may have perturbing effects on long-term potentiation and on the performance in learning/memory tests \[[@CR66]\].

In AD, in addition to neocortical and hippocampal neurodegeneration and Aβ plaque pathology, there is a selective loss of defined neuronal populations in distinct subcortical brain nuclei, including the nucleus basalis Meynert (NbM) of the cholinergic basal forebrain \[[@CR2], [@CR9], [@CR70]\], the Edinger--Westphal nucleus (EWN) \[[@CR21], [@CR45], [@CR58], [@CR59]\] and the locus coeruleus (LC) \[[@CR5], [@CR6], [@CR16], [@CR32], [@CR67]\]. Therefore, we asked whether QC may be expressed by neurons of these nuclei and, if so, whether it may contribute to pE-Aβ pathology.

Materials and methods {#Sec2}
=====================

Experimental animals {#Sec3}
--------------------

Wild type C57Bl6 mice and QC knock-out mice aged 2--3 months (*N* = 4 each) were used for the immunohistochemical analysis of QC expression in EWN, LC and Nbm. QC knock-out mice were generated on the basis of a classical homologous recombination approach. Cre-mediated excision of exons 5 and 6 was confirmed by PCR and RT-PCR. The constitutive deletion of these exons resulted in an additional frame shift and thus in a complete loss of the C-terminal part of the protein (not shown).

Preparation of mouse brain samples for immunohistochemistry {#Sec4}
-----------------------------------------------------------

Mice were anaesthetised with pentobarbital and perfused transcardially with 25 ml phosphate-buffered saline (PBS 0.01 M, pH 7.4) followed by perfusion with 25 ml 4% paraformaldehyde in phosphate buffer (PB 0.1 M, pH 7.4). The brains were removed from the skull and postfixed by immersion in the same fixative overnight at 4°C. After cryoprotection in 30% sucrose in 0.1 M PB for 3 days, the brains were snap-frozen in *n*-hexane at −68°C and stored at −20°C. Coronal sections (30 μm) were cut on a sliding microtome and collected in 0.1 M PB.

Human brain tissue {#Sec5}
------------------

### Tissue preparation {#Sec6}

Fifteen mm-thick tissue blocks were prepared in the frontal plane according to the atlas of the human brain \[[@CR31]\] and fixed in 4% paraformaldehyde for 3--4 days. Areas containing the regions of interest were cryoprotected in 30% sucrose in 0.1 M PBS, pH 7.4. Series of 30 μm-thick sections were cut on a freezing microtome and collected in PBS containing 0.1% sodium azide.

### Identification of anatomical regions and applied nomenclature {#Sec7}

Anatomical regions were identified using Nissl-stained sections and the atlas of the human brain \[[@CR31]\]. The nomenclature of brain regions was mainly adopted from atlases of human brain \[[@CR31]\], human brainstem \[[@CR42]\] and rhesus monkey brain \[[@CR41]\]. We additionally used the data of detailed anatomical descriptions of the EWN \[[@CR21], [@CR22]\], the LC \[[@CR33], [@CR34]\] and the NbM \[[@CR2]\].

### Characterization of human brain tissue {#Sec8}

The EWN, LC and NbM were evaluated for QC expression and for pE-Aβ deposition in brains from eight AD cases and from eight age-matched control subjects (Table [1](#Tab1){ref-type="table"}). The definite diagnosis of AD for all cases used in this study was based on the presence of neurofibrillary tangles and neuritic plaques in the hippocampal formation and neocortical areas and met the criteria of the National Institute of Neurologic and Communicative Disorders and Stroke and the Alzheimer's Disease and Related Disorders Association \[[@CR37]\]. Brain tissue containing the EWN (Talairach space 28--29 mm) according to \[[@CR31]\], the LC (Obex 20--32) according to \[[@CR42]\] and the NbM (Ch4; Talairach space −2 to −0.6 mm) according to \[[@CR2], [@CR31]\] from the same cases was used for immunohistochemistry to detect the presence of QC, pE-Aβ and neuronal markers. Case recruitment and autopsy were performed in accordance with guidelines set by the Ethical Committees of the University of British Columbia and the Leipzig University (License\# 063/2000). The required consent was obtained for all cases.Table 1Human brain tissue used for QC and pE-Aβ labellingsCase \#PMD (h)GenderAge (years)Brain weight (g)CODBraak stagingControl 148Female751,130Cardial infarction0 272Female681,284Bronchopneumonia0 324Female821,180Ovarian cancer0 448Male781,420Cardial infarction0 59Female43n.a.Drug overd. (insulin)0 624Female801,190Lung cancer0 725Female751,234Lung cancer0 87Male781,394Pulmonary failure0Mean32.16/272.4AD 155Female951,060Cardial infarctionVI 232Female701,200Respiratory failureIV 328Male68960BronchopneumoniaVI 46Female581,010Respiratory failureIV 516Female651,080Respiratory failureV 640Female791,006n.a.IV 724Male69934n.a.V 842Female911,230StrokeIVMean30.46/274.4*AD* Alzheimer's disease, *PMD* postmortem delay, *COD* cause of death, *EC* entorhinal cortex

Immunohistochemistry for QC, Ucn-1, ChAT, TH and pE-Aβ {#Sec9}
------------------------------------------------------

All immunohistochemical procedures were performed on free-floating brain sections. Immunohistochemistry in human brain to detect QC was performed using the rabbit antiserum 1301 (1:500), which was raised against recombinant full length mouse QC expressed in yeast.

The polyclonal antiserum was purified using a HiTrap rProtein A FF prepacked column (5 ml, GE Healthcare) and antibody elution by a shift to pH 3 using a citric acid buffer. The neutralised protein solution was stored at −20°C after addition of 50% glycerol. The antibody showed no significant differences in detecting mouse, rat and human QC in western blot analysis and immunohistochemistry, which appears conceivable considering a 85% protein sequence identity. Moreover, the specificity of the QC antiserum was previously shown by the robust labelling of mouse hypothalamic neurons, a known source of QC and of peptide hormones modified by QC, and by the absence of this labelling in brains from QC knock-out mice \[[@CR18]\]. Additionally, the specificity of QC immunolabelling was validated by similar staining patterns obtained using a commercially available mouse anti-human QC antiserum (Abnova 1:500). On consecutive human brain sections, the neuronal markers urocortin-1 (Ucn-1), choline acetyltransferase (ChAT) and tyrosine hydroxylase (TH) as well as pE-Aβ were detected using the following antisera: goat anti-Ucn-1 (St. Cruz 1:200), goat anti-ChAT (Millipore 1:500), mouse anti-TH (Millipore 1:500) and mouse anti-pE-Aβ (Synaptic Systems 1:200). All sections were pre-treated with an initial antigen retrieval step by heating to 90°C in 0.1 M citrate buffer, pH 2.5, for 3 min followed by rinsing with PBS-T. Brain sections were further treated with 60% methanol, 2% H~2~O~2~ for 1 h prior to incubation with the primary antibodies at 4°C overnight in a humid chamber. The following day sections were incubated with secondary biotinylated donkey anti-rabbit, donkey anti-mouse or donkey anti-goat antibodies (Dianova 1:1,000) for 60 min at room temperature followed by the ABC method, which comprised incubation with complexed streptavidin---biotinylated horseradish peroxidase. Incubations were separated by washing steps (3 times 5 min in PBS-T). Binding of peroxidase was visualised by incubation with 2 mg 3,3′-diaminobenzidine (DAB), 20 mg nickel ammonium sulphate and 2.5 μl H~2~O~2~ per 5 ml Tris buffer (0.05 M, pH 8.0) for 1--2 min. The enzymatic reaction resulted in black labelling, which was well distinguishable from the brown neuropigment present in many human LC neurons.

Immunohistochemistry in brains from wild type and QC knock-out mice was performed similarly but developed by incubation with 4 mg DAB and 2.5 μl H~2~O~2~ per 5 ml Tris buffer (0.05 M, pH 7.6) for 1--2 min resulting in a brown reaction product \[[@CR18]\]. In control experiments, primary antibodies were omitted, resulting in absence of staining.

Double immunofluorescent labelling procedures {#Sec10}
---------------------------------------------

In order to relate QC expression in mouse brain to marker proteins of defined neuronal populations, double immunofluorescent labellings were performed using rabbit anti-QC antiserum 1301 (1:250) combined with goat anti-Ucn-1 (1:100), goat anti-ChAT (1:250) and mouse anti-TH (1:250), respectively. Brain sections were incubated with cocktails of primary antibodies overnight at 4°C. The following day, sections were washed three times with TBS and were then incubated with appropriate cocktails of secondary antibodies (i.e. biotinylated donkey or goat anti-rabbit; 1:400 and Cy3-conjugated goat anti-mouse or donkey anti-goat, 1:200 Dianova) for 60 min at room temperature. After washing, brain sections were incubated with streptavidin-Cy2 conjugates (Dianova 1:100) for 45 min, washed again and mounted onto gelatine-coated slides. In double immunofluorescent labellings, the omission of one primary antibody resulted in the depletion of the corresponding fluorescent signal without affecting the detection of the second antigen.

Microscopy {#Sec11}
----------

### Light microscopy {#Sec12}

Tissue sections were examined with a Zeiss Axiovert 200 M microscope equipped with a motorised stage (Märzhäuser, Germany) with MosaiX software and by means of a CCD camera (Zeiss MRC) connected to an Axiovision 4.6 image analysis system (Zeiss, Germany).

### Confocal laser scanning microscopy {#Sec13}

Laser scanning microscopy (LSM 510, Zeiss, Oberkochen, Germany) was performed to reveal co-localization of QC with TH, Ucn-1 and ChAT in LC, EWN and Nbm, respectively. For Cy2-labelled QC (green fluorescence), an argon laser with 488 nm excitation was used and emission from Cy2 was recorded at 510 nm applying a low-range band pass (505--550 nm). For Cy3-labelled TH, Ucn-1 and ChAT (red fluorescence), a helium-neon laser with 543 nm excitation was applied and emission from Cy3 at 570 nm was detected applying high-range band pass (560--615 nm).

Photoshop CS2 (Adobe Systems, Mountain View, CA, USA) was used to process the images obtained by light and confocal laser scanning microscopy with minimal alterations to brightness, sharpness, colour saturation and contrast.

Quantification of QC-immunoreactive neurons and pE-Aβ deposits {#Sec14}
--------------------------------------------------------------

Quantitative analysis of ChAT-, Ucn-1-, TH- and QC-immunoreactive neurons and pE-Aβ deposits present in EWN, LC and human NbM was performed following the procedure described in \[[@CR13]\]. Noradrenergic LC neurons in stained sections were additionally identified by the content of neuromelanin. Neurons were counted when the soma and at least one dendrite could be identified. The outline of EWN, LC and NbM and the location of neurons inside these nuclei were assessed by means of a Stereoinvestigator (Microbrightfield, Williston, VT, USA; including a Zeiss Axioskop 2 plus, Märzhäuser micropositioning system and a Ludl 5000 controller) with the Neurolucida software. QC expression in EWN, LC and NbM was investigated in three sections from rostral to caudal (largely comprising the whole nucleus) in all cases. In sections analysed, the number of neurons labelled for the neuronal marker (e.g. ChAT, TH or Ucn-1) in each brain region of control brain was set to 100%. The relative numbers of QC-immunoreactive neurons and pE-Aβ deposits in brain regions analysed was calculated using the formula of Konigsmark \[[@CR27]\].

Results {#Sec15}
=======

Distinct QC expression in the mouse EWN {#Sec16}
---------------------------------------

First, QC immunohistochemistry was performed on mouse coronal midbrain sections at the level of bregma −3.1 to −3.8 mm. In the subcortical part of these sections, we only observed modest QC immunoreactivity in a relatively low percentage of neurons of some neuronal populations including substantia nigra and ventral tegmental area (not shown). In contrast, there was a small but robustly QC-expressing assembly of neurons within the EWN (Fig. [1](#Fig1){ref-type="fig"}). Labelling was absent from QC knock-out mouse brain sections, demonstrating the specificity of the immunohistochemical QC detection (Fig. [1](#Fig1){ref-type="fig"}). Since the EWN is known to be composed of a preganglionic cholinergic portion and a non-preganglionic, Ucn-1-positive part, we sought to identify the neuronal subpopulation expressing QC in this structure. Double immunofluorescent labellings revealed that QC is co-localised with Ucn-1 (Fig. [1](#Fig1){ref-type="fig"}) but not with ChAT (not shown) in neurons of the mouse EWN. Thus, QC-expressing neurons in the EWN represent the non-preganglionic, Ucn-1-positive part of this nucleus in mouse brain.Fig. 1QC expression in mouse Edinger--Westphal nucleus. *Top row* QC immunoreactivity is absent from midbrain sections of QC knock-out mice as shown at increasing magnifications from left to right. In contrast, there is a specific and robust labelling of a neuronal population in the EWN of wild type mice (*middle row*). Since the EWN is known to contain both, Ucn-1 and ChAT neurons, double labellings were performed. QC (green fluorescence) was found to be co-localised with Ucn-1 (red fluorescence; *bottom row*), but not with ChAT (not shown)

Distinct QC expression in the mouse locus coeruleus {#Sec17}
---------------------------------------------------

In order to extend these findings and to substantiate a possible function of QC in pE-Aβ generation in vivo, we studied LC, a brainstem nucleus known to be severely affected in AD. As in the case of the EWN, there was strong and spatially defined QC labelling of neurons in the LC region of mouse brain (Fig. [2](#Fig2){ref-type="fig"}). This labelling was absent in brain sections from QC knock-out mice (Fig. [2](#Fig2){ref-type="fig"}). In order to clearly identify these neurons, immunofluorescent double labelling of QC and TH was performed. QC was found to be strictly co-localised to TH, demonstrating co-expression by mouse noradrenergic LC neurons (Fig. [2](#Fig2){ref-type="fig"}).Fig. 2QC expression in mouse locus coeruleus. *Top row* QC immunoreactivity is absent from brainstem sections of QC knock-out mice as shown at increasing magnifications from left to right. In contrast, there is a specific and robust QC labelling of a neuronal population corresponding to the LC of wild type mice (*middle row*). In order to identify these neurons as noradrenergic LC neurons, double labellings were performed. There was an almost complete overlap of QC (*green*) and TH (*red*) immunoreactivity in the mouse LC (*bottom row*)

Distinct QC expression in the mouse nucleus basalis magnocellularis {#Sec18}
-------------------------------------------------------------------

In contrast to the robust QC expression by almost all mouse Ucn-1-positive EWN and TH-positive LC neurons, the mouse Nbm contained relatively few QC-immunoreactive neurons (Fig. [3](#Fig3){ref-type="fig"}). Double labelling with the cholinergic marker enzyme ChAT in this brain region revealed that approximately 50% of mouse Nbm cholinergic neurons co-expressed QC (Fig. [3](#Fig3){ref-type="fig"}).Fig. 3QC expression in mouse nucleus basalis magnocellularis. *Top row* QC immunoreactivity is absent from basal forebrain sections of QC knock-out mice as shown at increasing magnifications from left to right. In contrast, there is a specific QC labelling of a neuronal population corresponding to the nucleus basalis of wild type mice (*middle row*). In order to identify these neurons as cholinergic basal forebrain neurons, double labellings were performed. QC (*green*) was found to be co-expressed by a proportion of ChAT-immunoreactive (*red*) neurons in the mouse nucleus basalis (*bottom row*). Double-labelled neurons are indicated by *yellow colour* in the overlay channel and by *arrows*

It is important to note that in brains from QC knock-out mice, the neuronal marker proteins Ucn-1, TH and ChAT were detected in EWN, LC and Nbm neurons, respectively. This indicates survival of these neuronal populations in the absence of QC expression.

Distinct QC expression in human EWN, LC and NbM {#Sec19}
-----------------------------------------------

We then asked whether QC is also expressed in the corresponding subcortical nuclei of human brain and whether pE**-**Aβ formation spatially correlates with QC expression in AD brains. Immunohistochemical labelling of human midbrain sections cut at the level of the EWN revealed a distinct and robust QC expression in this brain structure (Fig. [4](#Fig4){ref-type="fig"}), confirming observations made in mouse brain. In adjacent brain sections, two marker proteins of neuronal subpopulations of the EWN---Ucn-1 and ChAT---were visualised. In contrast to the mouse brain, the cholinergic part of this nucleus was much larger in relative size in human brain and contained more neurons when compared with the Ucn-1-positive portion (Fig. [4](#Fig4){ref-type="fig"}). Interestingly, QC expression was not limited to the Ucn-1-positive portion of the human EWN, but was also present in the cholinergic part of this brain structure (Fig. [4](#Fig4){ref-type="fig"}). This finding differs from the observations made in mice, where QC expression in the EWN was restricted to Ucn-1-positive neurons. Neurons in adjacent brain structures outside the EWN and perioculomotor area, such as red nucleus and superior colliculus did not display QC immunoreactivity.Fig. 4QC expression in the human Edinger--Westphal nucleus, locus coeruleus and nucleus basalis Meynert. QC immunoreactivity was present in midbrain sections in a defined cell group (*top left*). These cells include both Ucn-1 and ChAT expressing subpopulations of the Edinger--Westphal nucleus as shown by the labelling of these marker proteins in adjacent brain sections. QC-immunoreactive neurons were also detected in brainstem sections in a small, defined cell group within the locus coeruleus area (*middle left*). Labelling of consecutive brain sections with TH identified these neurons as noradrenergic LC neurons (*middle right*). The highest density of QC-immunoreactive neurons was detected in the nucleus basalis Meynert (*bottom left*), which was identified by the presence of cholinergic Ch4 neurons (*bottom right*). *Scale bars* in overview 500 μm, in higher magnification inserts 100 μm, 150 μm and 200 μm as indicated

Since we observed QC expression in mouse LC and because of the well-documented LC pathology in AD, we also examined human brainstem sections containing this structure. In similarity to observations made in mouse brain, QC was also found to be expressed by noradrenergic neurons in human LC (Fig. [4](#Fig4){ref-type="fig"}). The identity of QC-immunoreactive neurons as noradrenergic LC neurons was demonstrated by the typical neuronal pigment and by the expression of TH in consecutive brain sections. Interestingly, QC immunoreactivity was not limited to LC neuronal somata but was also detected in TH-positive fibres.

Although only a sub-population of cholinergic Nbm neurons in mouse brain contained QC, the analysis of human brain sections revealed strong QC expression by virtually all NbM neurons (Fig. [4](#Fig4){ref-type="fig"}). The intracellular pattern of QC immunoreactivity in the neuronal somata and processes was similar to that detected in EWN and LC.

Intraneuronal and extracellular pE-Aβ aggregates in the Alzheimer's disease EWN, LC and NbM {#Sec20}
-------------------------------------------------------------------------------------------

Given the high level of QC expression in human EWN, LC and NbM and the role of QC in pE-Aβ formation, we asked whether there is pE-Aβ plaque pathology in these human brain nuclei from AD patients. Using a mouse monoclonal antibody raised against pE-Aβ, we observed focal plaque formation in both, the Ucn-1-positive and the cholinergic portion of EWN as well as in LC and NbM of AD brain (Fig. [5](#Fig5){ref-type="fig"}). Similar to the QC staining pattern, brain structures outside the EWN and perioculomotor area, such as red nucleus and superior colliculus did not display pE-Aβ immunoreactivity. Additionally, we detected intraneuronal accumulation of pE-Aβ in EWN, LC and NbM neurons in brain tissue from AD patients but only rarely in normal brain (Fig. [5](#Fig5){ref-type="fig"}).Fig. 5pE-Aβ aggregates in human AD Edinger--Westphal nucleus, locus coeruleus and nucleus basalis Meynert. *Left* In the EWN of control subjects there was only a faint intraneuronal pE-Aβ immunoreactivity. In contrast, in brains from AD patients the EWN was robustly labelled with intraneuronal pE-Aβ (*arrows*) and pE-Aβ plaques (*asterisks*). *Middle* In the LC of control subjects numerous neurons containing neuropigment (*brown*) but rarely intraneuronal pE-Aβ accumulations (*arrow*) and no pE-Aβ deposits were present. In brains from AD patients there were intraneuronal pE-Aβ accumulations (*arrows*) and pE-Aβ immunoreactive plaques (*asterisks*). *Right* Intraneuronal pE-Aβ (*arrows*) and pE-Aβ deposits (*asterisks*) were detected in the NbM of AD patients but not in this brain region of control subjects. *Scale bars in top row* 600 μm, in *bottom row* 50 μm

Quantitative analysis of QC expression and pE-Aβ deposit formation {#Sec21}
------------------------------------------------------------------

In order to obtain quantitative data on the degree of QC expression and pE-Aβ deposit formation in the subcortical nuclei analysed, the numbers of Ucn-1 and cholinergic EWN, TH-positive LC and cholinergic NbM neurons were determined and the proportion of QC-positive neurons was calculated for each structure. In the normal human brain, almost all NbM neurons and approximately 80% of LC neurons co-expressed QC, whereas in the EWN only 20% of neurons were found to be QC immunoreactive (Fig. [6](#Fig6){ref-type="fig"}). In brains from AD patients, neuronal numbers were reduced by 39, 26 and 12% in NbM, LC and the Ucn-1 and cholinergic part of EWN, respectively (Fig. [6](#Fig6){ref-type="fig"}). Thus, the highest degree of neuronal loss was detected in the brain region with the most abundant QC expression. Additionally, a significant number of pE-Aβ deposits was detected in NbM, LC and EWN from AD patients but not from control subjects (Fig. [6](#Fig6){ref-type="fig"}). As in the case of neuronal loss, the most pronounced pE-Aβ deposit formation was observed in NbM of AD subjects.Fig. 6Quantification of QC-expressing neurons and pE-Aβ deposits in normal human brain and in AD. The highest proportion of QC-immunoreactive neurons in control subjects was detected in the NbM, followed by LC and EWN. In all brain regions analysed, there was a reduction of the neuronal number in AD as identified by expression of Ucn-1/ChAT, TH and ChAT, respectively (\* *p* \< 0.05). While in control subjects no pE-Aβ deposits were detected in any of the brain nuclei investigated, a significant number of pE-Aβ deposits was detected in AD brains. Both, neuronal loss and formation of pE-Aβ deposits was most pronounced in NbM

Discussion {#Sec22}
==========

The aim of this study was to reveal whether QC expression and pE-Aβ deposition can be spatially correlated with defined neuronal populations known to be affected by selective degeneration and by Aβ pathology in AD brains. For the initial screening of QC expression in the basal forebrain and brainstem, mice were used because of unrestricted access and the availability of QC knock-out mice as controls for the immunohistochemical QC labelling.

First, we demonstrated distinct QC expression by Ucn-1-positive EWN neurons in mice. Ucn-1 is a neuropeptide of the corticotropin-releasing factor (CRF) family and binds to CRF receptors 1 and 2, to the latter with higher affinity than CRF itself \[[@CR65]\]. Ucn-1 is known to play a role in the regulation of food intake \[[@CR63]\], energy balance \[[@CR10]\] and anxiety \[[@CR39]\] and Ucn-1 neurons of the EWN in particular appear to be involved in stress response \[[@CR15], [@CR28], [@CR69]\] and alcohol consumption \[[@CR3]\]. Interestingly, in a number of publications, midbrain structures including the EWN have been reported to display Aβ and Tau histopathology in AD patients \[[@CR21], [@CR45], [@CR58], [@CR59]\]. However, a comparison of these histological data appears difficult since the term EWN comprises several functionally different cell groups (preganglionic and several non-preganglionic cell groups, the latter including Ucn-1 positive neurons) and attempts have only been made recently to provide a clear and well-defined nomenclature of the EWN in mouse \[[@CR68]\] and human brain \[[@CR21], [@CR22], [@CR48]\].

With regard to QC expression in the EWN complex, we observed remarkable differences between mouse and human brain. Most strikingly, QC expression was limited to Ucn-1-positive EWN neurons in mice but also present in preganglionic cholinergic EWN neurons in humans. The latter neuronal population has a function in adaptive pupillary reaction, which has been reported to be affected in AD patients in response to treatment with cholinergic antagonists \[[@CR57]\]. Our demonstration of QC expression, pE-Aβ formation and neurodegeneration in both Ucn-1 and cholinergic portions of EWN is in agreement with neuropathology in this nucleus observed earlier \[[@CR45], [@CR58], [@CR59]\].

In addition to the EWN, we also demonstrated robust QC expression by a high proportion of noradrenergic LC neurons in mouse and human brain. LC degeneration is an early feature of AD pathology \[[@CR14], [@CR32]\]. The well-described noradrenergic neuronal loss \[[@CR16]\] is accompanied by Aβ and Tau pathology and correlates with Aβ plaque load, neurofibrillary tangle formation and the severity of dementia \[[@CR5], [@CR6], [@CR67], [@CR71]\]. However, since LC neurons are known to provide essential noradrenergic innervation to the hippocampal formation and neocortex \[[@CR30]\], it is conceivable that secondary morphological and neurochemical changes also occur in these target regions. Indeed, elevated hippocampal acetylcholine and serotonin release as observed in mild cognitive impairment patients was also detected after specific lesions of noradrenergic LC neurons in experimental animals \[[@CR25]\]. Moreover, noradrenaline deficiency has been shown to promote neocortical and hippocampal Aβ pathology in transgenic animal models \[[@CR20], [@CR26]\]. Additionally, there is evidence for the seeding of neuritic Aβ plaques in target regions of brainstem neurons in AD \[[@CR40]\].

This is also supported by the robust QC expression in human cholinergic NbM neurons. Interestingly, QC expression in the corresponding nucleus of mouse brain was less pronounced, a finding which might point towards a higher physiological relevance of QC expression in human NbM when compared with mouse Nbm neurons. In AD, the degeneration of cholinergic NbM neurons is an early and consistent pathological feature and results in cholinergic denervation of the cortical mantle \[[@CR2], [@CR9], [@CR70]\]. This neocortical cholinergic hypoactivity has been correlated to the degree of dementia and is targeted by cholinomimetic approaches in order to at least temporarily attenuate cognitive decline in AD patients \[[@CR44]\]. As in the case of noradrenergic LC neurons, cholinergic NbM neurons innervate brain regions severely affected by Aβ pathology and anterograde transport of QC and/or pE-Aβ may contribute to neocortical Aβ deposition. We thus believe that QC expression and subsequent pE-Aβ formation may play a causative role in the specific deterioration of cholinergic NbM and noradrenergic LC neurons and, subsequently, in the alteration of neocortical and hippocampal function and in the seeding of neuritic plaques in AD.

In all human brain regions with high QC expression studied here, we detected intraneuronal pE-Aβ and pE-Aβ plaques in the brains from AD patients. The monoclonal pE-Aβ antibody used in this study has been thoroughly characterised recently and was shown to detect pE-Aβ aggregates in neocortical brain tissue from sporadic and familial AD cases \[[@CR73]\]. The pE-Aβ plaque load in NbM, LC and EWN was comparable to that reported for total Aβ deposits in these structures \[[@CR2], [@CR5], [@CR45]\] and indicates that most, if not all, of these Aβ plaques contain pE-modified Aβ peptides. Interestingly, the proportion of QC-immunoreactive neurons and numbers of pE-Aβ deposits were highest in NbM, which also displayed the most profound neuronal loss in AD. In addition to the local formation of pE-Aβ aggregates at sites of QC-immunoreactive somata, pE-Aβ peptides may be released in target areas of projection neurons and may form Aβ plaques in brain regions devoid of QC and/or APP expression. Such a phenomenon was recently demonstrated in APP/PS1 knock-in mice with neocortical and hippocampal, but not thalamical, transgene expression \[[@CR8]\]. The authors first observed intraneuronal Aβ in cortical neurons at 2 months of age, followed by extracellular cortical Aβ deposits at 6 months of age. In the thalamus of these mice, where no transgenic APP is expressed, extracellular Aβ deposits were detected at 6 months of age without preceding intracellular Aβ appearance. The authors concluded that Aβ may be deposited in brain regions where it is not produced via axonal transport and secretion from nerve terminals. Thus, in their animal model Aβ is produced in neocortex and released from corticothalamic fibres in thalamus. In similarity to this scenario, our data suggest that pE-Aβ generated by EWN, LC and NbM neurons may be released at neocortical and hippocampal target regions.

Taken together, the demonstration of robust and spatially restricted QC expression and pE-Aβ formation in the EWN, LC and NbM provides further evidence for pE-Aβ formation by QC in vivo. Since pE-Aβ confers exceptional neurotoxicity \[[@CR1], [@CR47]\] and since intraneuronal pE-Aβ generation has been linked to neurodegeneration in animal models of AD \[[@CR7], [@CR72]\], QC-expressing EWN, LC and NbM neurons appear to be at high risk. Indeed, these neuronal populations are affected in AD and some clinical characteristics of AD patients such as dementia, anxiety, depression, compromised stress response and attention deficits \[[@CR4], [@CR9], [@CR21], [@CR35]\] could be---at least partially---attributed to compromised function of EWN, LC and NbM neurons. Moreover, in control subjects QC is expressed in all subcortical nuclei investigated without accompanying pE-Aβ deposit formation. This indicates a yet unidentified physiological function for QC outside the hypothalamus, which does not normally lead to pE-Aβ deposition or to neurodegeneration. In AD, however, there is pE-Aβ formation and neurodegeneration in LC, EWN and NbM. Thus, it appears that QC expression alone is not sufficient for pE-Aβ formation and neurotoxicity, but a dysbalance in the expression of APP, its processing by β- and γ-secretases and N-terminal Aβ truncation have to occur to generate the pathogenic QC substrate. In conclusion, we postulate that among multiple mechanisms contributing to the pathogenesis of AD, QC plays an important role in EWN, LC and NbM neurodegeneration and in pE-Aβ plaque pathology, both locally and in the cortical and hippocampal target regions of these projection neurons. As a consequence, pharmacological QC inhibition should reduce pE-Aβ production and exert beneficial effects on these neuronal populations.
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AD

:   Alzheimer's disease

APP

:   Amyloid precursor protein

CBF

:   Cholinergic basal forebrain

ChAT

:   Choline acetyltransferase

CRF

:   Corticotropin-releasing factor

DAB

:   3,3′-Diaminobenzidine

EWN

:   Edinger--Westphal nucleus

LC

:   Locus coeruleus

Nbm

:   Mouse nucleus basalis magnocellularis

NbM

:   Human nucleus basalis Meynert

pE-Aβ

:   Pyroglutamate-modified Aβ

QC

:   Glutaminyl cyclase

TH

:   Tyrosine hydroxylase

Ucn-1

:   Urocortin-1
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